Hormone-sensitive lipase (HSL) is a cytosolic neutral lipase that hydrolyzes intracellular stores of triglycerides within adipocytes and is thought to be the rate limiting enzyme in lipolysis; however, direct evidence to prove this concept has been lacking. The present study was designed to establish the function of HSL in adipocytes. A 2360-bp fragment containing the entire HSL coding region was cloned into the vector pCEP4 and was used to transfect the 3T3-F442A adipogenic cell line. Free fatty acids are a major energy source for most tissues. Circulating FFA in plasma are derived from the breakdown of stored triacylglycerols in adipose tissue (1, 2). It has been suggested that an increased metabolic activity (i.e., a greater release of FFA) of internal fat depots is responsible for the observations linking central obesity with an increased prevalence of hyperlipidemia, atherosclerosis, diabetes mellitus, insulin resistance, and hypertension (3, 4, 5). The major enzyme responsible for the mobilization of FFA from adipose tissue is thought to be hormone-sensitive lipase (HSL),' whose name was coined to reflect the ability of hormones such as catecholamines, ACTH, and glucagon to stimulate the activity of this intracellular neutral lipase (6). HSL catalyzes the first, rate-limiting step in lipolysis by cleaving the first ester-bond of triacylglycerols (7, 8) . In adipose tissue, HSL also catalyzes the second step of the lipolytic reaction by hydrolyzing diacylglycerol to monoacylglycerol (7, 8) . Although HSL is capable of hydrolyzing monoacylglycerols to FFA, the final step of the lipolytic process is carried out by another enzyme, monoacylglycerol lipase (9, 10). This is due to the specificity of HSL for 1,(3)-monoacylglycerols, while the main product of the hydrolysis of triacylglycerols is 2-monoacylglycerol (11). Indeed, the findings that monoacylglycerol accumulates in vitro in the presence of HSL when monoacylglycerol lipase is absent- (10) 
Introduction
Hormone-sensitive lipase (HSL) is a cytosolic neutral lipase that hydrolyzes intracellular stores of triglycerides within adipocytes and is thought to be the rate limiting enzyme in lipolysis; however, direct evidence to prove this concept has been lacking. The present study was designed to establish the function of HSL in adipocytes. A 2360-bp fragment containing the entire HSL coding region was cloned into the vector pCEP4 and was used to transfect the 3T3-F442A adipogenic cell line. Nondifferentiated Free fatty acids are a major energy source for most tissues. Circulating FFA in plasma are derived from the breakdown of stored triacylglycerols in adipose tissue (1, 2) . It has been suggested that an increased metabolic activity (i.e., a greater release of FFA) of internal fat depots is responsible for the observations linking central obesity with an increased prevalence of hyperlipidemia, atherosclerosis, diabetes mellitus, insulin resistance, and hypertension (3, 4, 5) . The major enzyme responsible for the mobilization of FFA from adipose tissue is thought to be hormone-sensitive lipase (HSL),' whose name was coined to reflect the ability of hormones such as catecholamines, ACTH, and glucagon to stimulate the activity of this intracellular neutral lipase (6) .
HSL catalyzes the first, rate-limiting step in lipolysis by cleaving the first ester-bond of triacylglycerols (7, 8) . In adipose tissue, HSL also catalyzes the second step of the lipolytic reaction by hydrolyzing diacylglycerol to monoacylglycerol (7, 8) . Although HSL is capable of hydrolyzing monoacylglycerols to FFA, the final step of the lipolytic process is carried out by another enzyme, monoacylglycerol lipase (9, 10) . This is due to the specificity of HSL for 1,(3)-monoacylglycerols, while the main product of the hydrolysis of triacylglycerols is 2-monoacylglycerol (11) . Indeed, the findings that monoacylglycerol accumulates in vitro in the presence of HSL when monoacylglycerol lipase is absent- (10) and that monoacylglycerol lipase does not appear to be hormonally regulated have formed the basis for concluding that HSL is the rate limiting enzyme in lipolysis. The activity of HSL is regulated acutely via phosphorylation-dephosphorylation reactions. The activation of HSL by fast-acting lipolytic hormones (catecholamines, glucagon, ACTH) involves a hormone/receptor-induced increase in the cellular concentration of cyclic AMP (12) which activates cyclic AMP-dependent protein kinase (PKA). PKA then phosphorylates HSL (12) , resulting in an increase in hydrolytic activity (13, 14) . Recently Cell culture and transfection. 3T3-F442A murine adipocytes (kindly provided by Dr. H. Green, Harvard University) were grown in DME containing 4.5 g/liter glucose and 25 mM HEPES, supplemented with 10% defined fetal calf serum, penicillin (10,000 U/ml) and streptomycin (10,000 1ugIml). In order to induce adipocyte differentiation, cells that had reached confluence were treated with insulin (10-' M) for 48 h.
After exposure to insulin, cells were allowed to continue differentiation in media without added insulin for an additional 8-10 d. In some experiments the media during differentiation were supplemented with 10% Intralipid. Transfection of undifferentiated 3T3-F442A cells was performed by incubating 1 x 10' cells in a 60-mm dish with 2 ,g of pCEP4-HSL in 10 Al of lipofectin reagent. After 24 h of incubation, a selection medium composed of DME supplemented with 10% FCS and hygromycin B (200 ,g/ml) was applied and cells maintained in this media thereafter. Before reaching confluence, antibiotic resistant cells were trypsinized and plated at a cell density of 1-5 cells per well in 96-multiwell dishes. Screening for HSL expression was then performed by immunofluorescence staining (described below). Cells expressing HSL were subsequently subcloned at a cell density of 1 cell per 5 wells of a 96-multiwell dish to isolate clonal cell lines (22) . Subclones were rescreened for HSL expression and cells displaying a range of HSL expression were expanded.
Indirect immunofluorescence and immunoblotting. Indirect immunofluorescence detection of HSL was used as a means of screening for HSL-positive clones. Cells were first fixed with 3% paraformaldhyde for 10 min on ice and permeabilized with 0.02% Triton X-100 for 30 min at room temperature. Fixed cells were incubated at 40C overnight with rabbit anti-rat HSL/fusion protein IgG (23) at 1:500 dilution, washed and then incubated with an anti-rabbit IgG FITC conjugate ( 1:160 dilution) for 1 h. Visualization of the cells was performed using an inverted fluorescence microscope (Nikon). Confocal microscopy imaging was performed at the Cell Science Imaging Facility (Department of Molecular and Cellular Physiology, Stanford University) and involved the use of a custom built, mirror scanning, single beam laser confocal microscope designed by Dr. S. J. Smith (Stanford University).
The equipment uses low light (< 100 jIwatt beam power) and is attached via a Nikon inverted microscope to laser-scanned Nomarski DIC. The samples were excited with blue light (488 nm) and observations were made at an emission wavelength of 510-550 nm. The fluorescent signal was filtered by a dichroic mirror (510). A Nikon 60X (NA 1.4) planapo objective was used. The fluorescent and Nomarski images were stored in a computer and subsequently merged using Adobe Photoshop® (Adobe Systems Inc, Mountain View, CA); color was assigned arbitrarily. For immunoblotting, cells were scraped and briefly sonicated (3 s) in 1 ml of ice cold lysis buffer containing 0.15 M NaCl, 3% Triton X-100, 0.1% lauryl sarcosyl, and 1 U/ml leupeptin. All homogenates were centrifuged at 10,000 g for 15 min. The infranatant below the fat cake was removed and kept frozen at -80°C. Samples were electrophoresed on 10% polyacrylamide gels under reducing conditions, transferred to nitrocellulose, incubated with anti-rat HSL/fusion protein IgG, and visualized by chemiluminescence as described previously (23) . The relative amounts of immuno-detectable HSL contained in each lane were determined by scanning with an LKB Ultra scan XL enhancer laser densitometer and Gel scan XL software (Pharmacia LKB Biotechnology, Piscataway, NJ) on a NEC computer.
Immunoprecipitation. Immunoprecipitation was performed as previously described (23 PMSF, 1 U/ml leupeptin, 0.2 mg/ml aprotinin, 1% Triton X-100, 0.5% deoxycholic acid and 0.1% SDS. The pellet was resuspended in the same buffer containing 1% /3-mercaptoethanol and 1% SDS, boiled for 5 min and electrophoresed on 10% polyacrylamide gels containing 0.1% SDS. After drying, the gels were visualized by exposure to a Phosphorlmagerg (Molecular Dynamics, Sunnyvale, CA).
RNA isolation and measurement. Total cellular RNA was extracted by CHCl3:phenol extraction as described (24). RNA pellets were dissolved in sterile water and quantified by standard UV absorbency. After denaturation with 1 M glyoxal, 50% dimethyl sulfoxide, RNA was analyzed by Northern blot hybridization after electrophoresis on 1% agarose gels. Probes used were: rat HSL cDNA; rat GPDH and aP2 cDNAs (a kind gift of Dr. F. Torti, Stanford University). Probes were labeled with [32P]dCTP to a specific activity of 1-2 x 109 dpm//Lg with an oligolabeling kit. Prehybridization and hybridization procedures were performed as previously described (24). Autoradiographs were obtained by exposure to Kodak XAR-film with an intensifying screen at -80°C for 1-2 d. The autoradiographs were analyzed by scanning as previously described.
Enzyme activities and lipid synthesis. Measurement of HSL activity was performed using a cholesterol-[ '4C] oleate emulsion as described previously (23) . Cells were scraped into 1 ml of 50 mM Tris-HCl and 1 mM EDTA containing 1 U/ml leupeptin and homogenized in a conical homogenizer for 10 stokes. After centrifuging the homogenates at 14,000 g for 15 min, the infranatants were carefully removed, and aliquots (50-100 /tl) were assayed in duplicate for neutral cholesterol esterase activity (23) . Heparin-releasable LPL activity was assayed using a radioenzymatic assay with a glycerol-stabilized triolein substrate emulsion as described previously (25, 26) , and expressed as mU of FFA released/h per mg protein. Glycerol-3-phosphate dehydrogenase was assayed according to the method of Wise and Green (27) (Fig. 4) While the HSL transfectants appeared to be able to differentiate normally, as assessed by LPL expression, the impact of HSL overexpression on the ability of the adipocytes to accumulate triglycerides was next examined by evaluating the time course of cellular triglyceride content in vector alone transfected cells and in HSL transfectants (Fig. 6 ). Cells were allowed to reach confluence and then exposed to i0' M insulin on day Since it was possible that the transfection and selection of 3T3-F442A adipocytes altered the conditions under which the adipocytes could accumulate triglycerides, HSL transfectants were allowed to reach confluence and treated with dexamethasone and isobutylmethylxanthine, in addition to insulin, conditions that are required for triglyceride accumulation of other adipocyte cell lines (18) . No triglyceride accumulation was observed under these conditions (data not shown); furthermore, no triglyceride accumulation was observed in post-confluent HSL transfectants that were cultured in the presence of 10% Intralipid while being stimulated to differentiate with hormonal incubation (data not shown).
To explore potential mechanisms whereby the overexpression of HSL could prevent the accumulation of triglycerides in 3T3-F442A adipocytes, the intracellular localization of HSL in control 3T3-F442A adipocytes and HSL transfectants was examined using immunofluorescent confocal microscopy (Fig.  8) . Control adipocytes and HSL transfectants were allowed to reach confluence and were stimulated to differentiate. 8 d after differentiation, cells were fixed and stained with anti-rat HSL fusion protein antibodies. The cells were examined by confocal microscopy to obtain Nomarski DIC and fluorescent images that were then merged by computer. In control differentiated 3T3-F442A adipocytes (Fig. 8 A) , large lipid droplets were observed throughout the cytoplasm with HSL immunoreactivity (depicted in green) faintly seen in a perinuclear distribution. In contrast, no lipid droplets were apparent in the differentiated 3T3-F442A adipocytes transfected with HSL and HSL immunoreactivity was now observed throughout the entire cell body. Thus, the overexpression of HSL resulted in an aberrant distribution of HSL throughout the cell that might have contributed to the inability of the adipocytes to accumulate triglycerides.
Since LPL is an early marker of adipocyte differentiation, some markers of later adipocyte differentiation were examined. Thus, Northern blot analyses of aP2 and GPDH mRNA levels in control and HSL transfectants were performed in both undifferentiated and differentiated cells (Fig. 9) . Neither aP2 nor GPDH mRNA were detected in undifferentiated cells, whether control or HSL transfectants. Interestingly, although both aP2 and GPDH mRNA expression are induced during differentiation in control cells, neither aP2 nor GPDH mRNA is induced in the differentiated HSL transfectants that did not accumulate cellular triglycerides. GPDH activity paralleled the changes in GPDH mRNA levels (data not shown). These results suggest that the amount of triglyceride and/or some lipid intermediates are important in regulating the expression of some of the late markers of adipocyte differentiation.
The 3T3-F442A cells transfected with HSL used in these studies (clone 2D) were selected on the basis of their having the greatest overexpression of HSL in the undifferentiated state. In order to further support the view that the amount of HSL expression will determine the degree to which an adipocyte can maintain its pool of stored triglycerides, as well as the expression of later markers of adipocyte differentiation, an additional clone of 3T3-F442A cells transfected with HSL (clone E4) was studied. Clone E4 cells transfected with HSL expressed only 30% as much HSL as our high expressing clone 2D (HSL activity in clone E4 was 93±6.5 nmol/h per mg protein), but still markedly overexpressed HSL protein and HSL mRNA when compared with undifferentiated control cells (Fig. 10 ). As seen with control cells and HSL transfectant clone 2D, HSL transfectant clone E4 expressed LPL activity normally after differentiation (Fig. 11 A) . However, as opposed to HSL transfectant clone 2D where no cellular triglycerides accumulated after differentiation, cellular triglycerides did accumulate in HSL transfectant clone EA, but markedly reduced amounts compared to control or vector alone transfected cells (Fig. 11   B) . When markers of adipocyte differentiation were examined, LPL mRNA expression increased similarly in differentiated 3T3-F442A cells, whether control or HSL transfectant clone E4 or clone 2D (Fig. 12 A) . Furthermore, as opposed to HSL transfectant clone 2D where late markers of adipocyte differentiation such as aP2 or GPDH mRNA could not be detected after differentiation, aP2 mRNA (Fig. 12 B) and GPDH mRNA (Fig.  12 C) increased in HSL transfectant clone E4 after differentiation, albeit at lower levels than seen in control cells. Thus, the level of expression of HSL appears both to determine the amount of cellular triglycerides an adipocyte can accumulate and to regulate, directly or indirectly, the expression of late markers of adipocyte differentiation.
While the ability of both of the HSL transfectant clones 2D and E4 to accumulate cellular triglycerides after differentiation was markedly reduced, it was important to document that the due to the overexpression of HSL, with a presumably attendant increase in lipolysis, rather than an impairment in the cells' ability to synthesize lipids. To characterize lipid synthesis in the cells, the incorporation of ['4C]glucose into cellular lipids was determined in control 3T3-F442A adipocytes and in HSL transfectant clones 2D and E4, both in the undifferentiated state and after 8 d of differentiation (Table I ). The rates of fatty acid synthesis were low in all the undifferentiated cells, and were similar in control and HSL transfectants. Although HSL transfectant clone E4 had similar rates of triglyceride and total lipid synthesis as control 3T3-F442A adipocytes, undifferentiated HSL transfectant clone 2D displayed increased triglyceride and total lipid synthesis when compared with control 3T3-F442A adipocytes (P < 0.01 and P < 0.05, respectively). After the cells reached confluence and were stimulated to differentiate, fatty acid, triglyceride and total lipid synthesis increased significantly in all three cell lines when compared to the respective undifferentiated cells (P < 0.001, P < 0.05, P < 0.01, respectively for control, clone 2D and clone E4). While fatty acid synthesis increased in all three cell lines, it remained similar in control and HSL transfectants. In contrast, even though triglyceride and total lipid synthesis increased, they were both lower in the differentiated HSL transfectants than in control cells (P < 0.005); however, triglyceride and total lipid synthesis were similar in clones 2D and E4. Therefore, the HSL transfectants appear to be able to synthesize lipids and lipid 
Discussion
In the current studies we have transfected the 3T3-F442A adipogenic cell line with a vector containing the entire coding region of rat HSL. We have successfully isolated and cloned stable transfectants that constitutively overexpress HSL. Concordant with the activity of HSL as a neutral triglyceride lipase, the ability of transfected cells to accumulate triglyceride when they differentiate into adipocytes was diminished by the degree to which HSL was overexpressed in the cells. Thus, cells displaying the highest expression of HSL failed to accumulate any cellular triglycerides when stimulated to differentiate, while cells overexpressing modest amounts of HSL were able to accumulate some intracellular triglyceride, but significantly less than control cells. Cells transfected with HSL retained their ability to synthesize lipids, with undifferentiated transfected cells actually synthesizing increased amounts of triglycerides and total lipids compared with control cells. In addition, the ability of HSL transfected cells to increase lipid synthesis following differentiation was preserved; however, the rates of triglyceride and total lipid, but not fatty acid, synthesis were lower in differentiated HSL transfectants than control cells. Thus, the failure of HSL For differentiated cells, confluent cells were exposed to insulin for 48 h to stimulate differentiation and then assayed after 8-10 d. Experiments were performed as described in Fig. 2 (36) . Moreover, this translocation may occur through the interaction of HSL with perilipin, an adipocyte specific protein that is located on the surface of the lipid droplet and is the major substrate in adipose cells for phosphorylation by PKA (37, 38) . These observations raise the possibility that phosphorylation of HSL is not required for hydrolytic activity; rather, the effect of phosphorylation on enzymatic activation is relatively small and the dominant effect of phosphorylation of HSL is to mediate translocation, i.e., allow the enzyme to come in physical contact with intracellular lipid droplets. Results of our current experiments are consistent with this hypothesis. Thus, in contrast to control adipocytes where HSL is found primarily localized in a perinuclear distribution (see Fig. 8 ), when HSL is markedly overexpressed, as in the current experiments, the enzyme is present in large amounts throughout the entire cell body, perhaps enabling lipid droplets to be exposed to the enzyme without the need for translocation.
Alternatively between HSL transfectants and control cells. Thus, the HSL transfectants were able to commit towards differentiation and to progress normally through early adipocyte differentiation, although the accumulation of triglycerides was prevented in parallel to the degree to which HSL was overexpressed. Interestingly, later markers of adipocyte differentiation (aP2 and GPDH) were not expressed normally in the HSL transfectants. The mechanisms whereby the early aberrant expression of HSL prevents the full complement of markers of normal differentiation from proceeding are not readily apparent. It is possible that the absence of triglyceride storage within the cell or an excess of intracellular fatty acids or other intermediates in the pathway represses the transcription of the aP2 and GPDH genes. While it is difficult to propose mechanisms how the presence or absence of cellular triglycerides could directly regulate gene expression, certainly the expression of some of the genes of differentiation can be regulated by intermediate factors. For example, fatty acids have been reported to induce aP2 (43) and retinoic acid to inhibit adipsin expression (44) without affecting other markers of differentiation. In view of the regulation of aP2 expression by fatty acids, an excess of intracellular fatty acids resulting from the overexpression of HSL would be expected to increase, rather than to attenuate, the expression of aP2. However, it is conceivable that an excess of intracellular fatty acids is toxic to the cells and thus prevents the expression of these genes. Alternatively, the possibility exists that the disruption of the complement of genes normally expressed late in adipocyte differentiation is not due to the action of HSL as a neutral triglyceride lipase, but to its actions as a neutral cholesterol esterase. In this circumstance, the overexpression of HSL might lead to an increase in cellular unesterified cholesterol that would inhibit cholesterol biosynthesis and possibly disturb sterol intermediates that might be required for the expression of genes in late adipocyte differentiation. Finally, could clonal selection have contributed to the lack of expression of late markers of adipocyte differentiation and the inability of the cells to accumulate triglyceride? Although it has been shown that culturing preadipocytes in clonal conditions lowers their ability to terminally differentiate (45) , this is unlikely to be a significant factor in the current experiments since both the expression of late markers of differentiation and triglyceride accumulation among the HSL transfectants varied in proportion to the overexpression of vector-derived HSL and cells transfected with vector alone and selected under similar conditions expressed late markers of differentiation and accumulated triglyceride to the same extent as control 3T3-F442A cells.
As opposed to the inhibition of the expression of aP2 and GPDH by the overexpression of HSL, no consistent effects of HSL overexpression on LPL expression were observed in differentiated adipocytes. This is interesting in light of the reports suggesting that LPL and HSL are reciprocally regulated (46, 47) . Our current data suggest that neither HSL nor HSLmediated changes in lipid metabolism affect LPL expression. Therefore, any reciprocal changes in the expression of HSL and LPL must be due to variations in the responses of these lipases to effectors rather than due to any interaction or regulation occurring between the lipases or their products.
In conclusion, by transfecting 3T3-F442A cells with a pCEP4-HSL vector, the overexpression of HSL was shown to prevent adipocytes from taking on the appearance of fat cells, i.e., triglyceride accumulation. Thus, modifying the quantity of HSL enzyme within a fat cell can influence the amount of triglyceride that a cell can accumulate. Moreover, by overexpressing HSL and/or disrupting cellular lipid pathways, the expression of some lipogenic enzymes that normally appear late in adipocyte differentiation are repressed. Thus, the level of expression of HSL appears both to determine the amount of 2660 cellular triglycerides an adipocyte can accumulate and to regulate, directly or indirectly, the expression of late markers of adipocyte differentiation. The adipocyte cell lines overexpressing HSL which have been isolated might prove to be useful models for exploring various stages of adipocyte differentiation and the interaction of different lipid pathways on gene expression during differentiation.
